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We have investigated transmembrane signaling for the
regulation of desmosomes and hemidesmosomes, using
a human squamous cell carcinoma cell line (DJM-1) and
normal human keratinocytes. This review discusses the
involvement of protein kinase C (PKC) in regulation of
these junctions, and signaling pathways involved in
cell–cell detachment induced by pemphigus vulgaris (PV)
IgG in a culture system. Cells grown in low-CaFF
conditions, which lack desmosomes, rapidly form desmo-
somes upon a low-normal CaFF-shift in association
with PKC-activation and, in turn, PKC-activation by
12-O-tetradecanoylphorbol-13-acetate (TPA) induces
desmosome formation even in low-CaFF conditions.
TPA induces serine-phosphorylation of the 180 kDa-
bullous pemphigoid antigen (BPAG2), generating
190 kDa-phosphorylated BPAG2, and dissociates BPAG2
from hemidesmosomes. TPA-treatment also causes
secretion of urokinase-type plasminogen activator (uPA)
and expression of its receptor (uPAR), which activates
plasminogen to plasmin and may digest extracellular
It is of great importance to determine how keratinocytes controlcell–cell and cell–matrix (basement membrane zone) adhesionso that cells can detach from the basement membrane andmigrate up through the spinous and granular cell layer endingin the cornified cell layers. Proliferation of epidermal keratino-
cytes is confined to basal cells, which adhere to the basement membrane,
and their differentiation is associated with their outward positioning
from the basal layer. Terminal differentiation of keratinocytes appears
to require their strictly regulated and coordinated migration, so
that cell–cell junctions, including desmosomes, must be dynamically
controlled in response to changes of their microenvironments. Desmo-
somes and hemidesmosomes in keratinocytes are important in terms
of signal transduction for the regulation of keratinization as well as
structural integrity.
We have carried out a series of experiments on the signal transduction
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domains of desmosomes and hemidesmosomes. These
results suggest that PKC may play a role in activation of
desmosome turnover and dysfunction of hemidesmos-
somes, and thus a role in up-migration of keratinocytes.
Binding of PV-IgG to Dsg3 induces activation of diverse
isoenzymes of PKC, linked to uPA secretion and uPAR
expression. Furthermore, PV-IgG binding alone induces
the serine-phosphorylation of Dsg 3, associated with
its dissociation from plakoglobin and its deletion from
desmosomes. This PV-IgG-induced Dsg 3-phosphoryl-
ation and Dsg 3-deletion from desmosomes may impair
desmosome formation, whereas PV-IgG-induced PKC
signaling mediates the uPA secretion and uPAR
expression leading to digestion of preexisting desmos-
omes from the outside of the cell. These two different
PV-IgG-activated signaling pathways may play a
key role in acantholysis in PV. Key words: bullous
pemphigoid/desmoglein/desmoplakin/integrin/plasminogen
activator. Journal of Investigative Dermatology Symposium
Proceedings 4:137–144, 1999
mediating the regulation of the adhesive function of these junctions,
using a human squamous cell carcinoma cell line (DJM-1) and normal
human keratinocytes. In this review, we summarize the results of
our experimental studies and related papers on (i) desmosomes, (ii)
hemidesmosomes, and (iii) transmembrane signaling linked with cell–
cell detachment in pemphigus vulgaris. Specifically, we focus on the
involvement of protein kinase C (PKC), a family of Ca11- and
phospholipid-dependent serine/threonine kinases, in the regulation of
these junctions. As a case of impaired regulation, we have studied the
mechanisms for the cell–cell detachment (acantholysis) in pemphigus
vulgaris (PV) in terms of signal transduction and phosphorylation of
desmosomal molecules by using a cell culture model of DJM-1 and
normal human keratinocytes. In this model system, cell–cell detachment
can be generated by stimulation with PV-IgG.
DESMOSOMES
Cultured keratinocytes contain two distinctive types of cell–cell junc-
tions: desmosomes and adherens junctions under a physiologic concen-
tration of Ca11 in culture medium. The former is composed of two
different groups of desmosomal cadherins, which are transmembrane
proteins, and several cytoplasmic proteins, linked to keratin intermediate
filaments (KIFs) (for reviews see Legan et al, 1992; Buxton et al, 1993;
Koch and Franke, 1994). The latter is also composed of a transmembrane
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protein, i.e., E-cadherin (a classical cadherin) and several intracyto-
plasmic proteins, linked to actin filaments (for a review see Takeichi,
1990). The desmosome is presumed to be profoundly involved in the
structural and functional integration of epidermal keratinocytes during
keratinization. It functions as a connecting point of KIF through groups
of transmembrane and intracytoplasmic core proteins between adjacent
keratinocytes to form a cytoskeletal network as a whole in the
epidermis.
All transmembrane core proteins of desmosomes so far identified
are members of the cadherin family, named desmosomal cadherin, i.e.,
desmogleins (Dsg) and desmocollins (Dsc), both of which consist of
three subtypes (Dsg 1, 2, 3 and Dsc 1, 2, 3, for reviews see Koch et al,
1994; Amagai, 1995). Dsg 1 (160 kDa) and Dsg 3 (130 kDa) are now
known as the target molecules for pemphigus foliaceus (PF) and PV,
respectively (for reviews see Stanley, 1992; Amagai, 1995). Dsg 1 is
expressed mainly in the upper epidermis, whereas Dsg 3 is primarily
in the middle-lower epidermis (Arnemann et al, 1993; Shimizu et al,
1995; Amagai et al, 1996). These molecules exist as a complex with
plakoglobin, and can be coimmunoprecipitated with antibodies against
any of these molecules (Kowalczyk et al, 1996).
The intracytoplasmic plaque protein molecules consist of several
groups of proteins, which may be roughly divided into three groups,
including (i) plakins (for review see Ruhrberg and Watt, 1997), i.e.,
desmoplakins 1 and 2 (Mueller and Franke, 1983), plectin (Wiche et al,
1991), periplakin (Ruhrberg et al, 1997) and envoplakin (Ruhrberg
et al, 1996); (ii) proteins homologous to γ-catenin, i.e., plakoglobin
(Cowin et al, 1986) and plakophillin (Heid et al, 1994); and (iii) others
such as desmoyokin (Hieda et al, 1989), desmocalmin (Tsukita and
Tsukita, 1985), and pinin (Ouyang and Sugrue, 1996). Most of these
molecules may play some direct or indirect roles as linkers between
the KIF and transmembrane core proteins, desmosomal cadherins.
Regarding interrelationships between desmosomes and adhesion
junctions, the formation of adherens junctions is a prerequisite for
desmosome formation (Lewis et al, 1994), and the formation of
desmosomes is thought to be regulated by cross-talk between them
(Lewis et al, 1997), although little is known about what signaling
mediates this cross-talk.
Ca11-induced desmosome formation is mediated by PKC
activation When mouse epidermal keratinocytes are grown in low-
Ca11 (below 0.1 mM) medium, they do not form desmosomes and
proliferate without differentiation, adhering to the extracellular matrix
(ECM). Following a Ca11–switch from low to normal (1.2 mM),
these keratinocytes begin to form desmosomes within 5 min and
complete the process by 2 h (Hennings et al, 1980; Hennings and
Holbrook, 1983). This is also the case with human keratinocytes and
with DJM-1 cells (Kitajima et al, 1987; Nagao et al, 1989).
As seen in Madin-Darby canine kidney epithelial cells (Pasdar and
Nelson, 1988a, b), desmoplakins 1 and 2 exist in soluble and insoluble
pools in DJM-1 cells as defined by a Triton X-100 high-salt buffer
(Sheu et al, 1989). In DJM-1 cells grown in low-Ca11 medium, the
soluble form appears as diffuse staining and the insoluble form as a
random punctate staining pattern in the cytoplasm, whereas the low-
high Ca11-switch causes a rapid and selective reorganization of
desmoplakins from cytoplasm to the area of cell–cell contacts, which
are identified as desmosomes by electron microscopy. Within 5–
15 min after the Ca11-switch, desmoplakin-immunofluorescent dots
predominantly increased in number and intensity in the cytoplasm.
Then, within the next 2 h, distinct lines of punctate fluorescence were
generated along the cell–cell contacts. This Ca11-response resulted in
desmosome formation along the cell–cell contacts as observed by
electron microscopy (Sheu et al, 1989). Similar observations have
also been published concerning murine and human keratinocytes or
epithelial cells (Watt et al, 1984; Jones and Goldman, 1985; Mattey
and Garrod, 1986; Pasdar et al, 1988a, b).
As seen in mouse keratinocytes (Jaken and Yuspa, 1988; Tang et al,
1988; Lee and Yuspa, 1991; Punnonen et al, 1993), the metabolism of
inositol phospholipids is activated within 30–60 s after the Ca11-
switch, leading to generation of inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG) in DJM-1 cells (Takagi et al, 1988). Because
Figure 1. Time course of PKC activity in cytosol (soluble) and
membrane (particulate) fractions after Ca11-switch in DJM-1 cells.
Nagao et al, 1989. The Cytosol fraction is the 25 mM Tris/HCl buffer (pH 7.5)
soluble (supernatant at 105 0003g centrifugation) fraction and the membrane
fraction is an extract with 1% Nonidet P-40 from the precipitates (particulate)
after 1 h centrifugation at 105 0003g. PKC was determined in the presence of
Ca11 , phosphatidylserine, and diolein. Points, means of three different
experiments.
Figure 2. Time course of PKC activity in cytosol (soluble) and
membrane (particulate) fractions after TPA (10 ng per ml) treatment
in normal Ca11-grown DJM-1 cells. Kitajima et al, 1988. The Cytosol
fraction is the 25 mM Tris/HCl buffer (pH 7.5) soluble (supernatant at
105 0003g centrifugation) fraction and the membrane fraction is an extract
with 1% Nonidet P-40 from the precipitates (particulate) after 1 h centrifugation
at 105 0003g. PKC was determined in the presence of Ca11, phosphatidylserine,
and diolein. Points, means of two different experiments.
DAG is known to be an endogenous activator of PKC (Nishizuka,
1992), the effects of Ca11-switch on PKC were studied. PKC is
essential to the growth and terminal differentiation of keratinocytes
(for review see Yuspa, 1994). PKC activity was assayed in the presence
of Ca11 , phosphatidylserine, diolein, [γ-32 Pi]ATP, and histone as a
substrate. In response to an increase in DAG, the PKC activity was
increased in the particulate (roughly membrane) fraction as much as
4-fold within 15 min (Fig 1) (Nagao et al, 1989). This increased level
of PKC activity was sustained for at least 3 h. The activity of PKC in
the soluble fraction was not altered, suggesting that there was no
detectable translocation of PKC, although PKC translocation from
cytosol to membrane is seen on TPA-induced activation of PKC
(Fig 2) (Kitajima et al, 1988). Another product of inositol phospholipid
turnover (PI-turnover) is IP3, which is known to cause Ca
11-influx
in the cytoplasm (Streb et al, 1983).
Because the Ca11-induced activation of PI-turnover and PKC
activation are associated with Ca11-induced desmosome formation,
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Figure 3. Electron microscopy of desmosome
formation after 120 min-TPA (10 ng per ml)
treatment in DJM-1 cells. Sheu et al, 1989.
Adherens junctions (a) and desmosomes (c–f) are
generated. Often, desmosomes are formed next to
adherens junctions (b), whereas these junctions are
not formed before TPA-treatment in low-Ca11-
grown DJM-1 cells.
the effects of a PKC inhibitor (20 µM H7) and a tyrosine kinase and
serine kinase inhibitor (10 nM staurosporin) were studied to determine
whether this desmosome formation is mediated by PKC. The results
showed that Ca11-induced desmosome formation was inhibited,
suggesting that PKC may mediate Ca11-induced formation of desmo-
somes in DJM-1 cells (Sheu et al, 1989).
TPA-activated PKC induces desmosome formation in low
Ca11-grown DJM-1 cells Because Ca11-induced desmosome
formation was suggested to be mediated by PKC, we tested whether
PKC activation with TPA could also cause desmosome formation in
DJM-1 cells grown in low-Ca11 medium. At 15 min after the addition
of TPA (10 ng per ml), cells started to form cell–cell contacts of
adherens junctions as defined by electron microscopy (Sheu et al, 1989)
and KIF appeared to spread to the cell periphery (Kitajima et al, 1988).
Within the next 30–60 min, the punctate fluorescence of desmoplakins
was formed along the cell–cell contacts. Although these cell–cell
contacts appeared to be defined as desmosomes ultrastructurally because
of association of the attachment plaque and tonofilaments (KIF), they
were not as complete as those formed by the Ca11-switch because of
poor formation of the intercellular densplate with a widened intercellu-
lar space (Fig 3) (Sheu et al, 1989). This formation of desmosomes
was clearly inhibited by a selective PKC inhibitor H7 (20 µM), and a
wide kinase inhibitor, staurosporine (100 nM). In addition, longer
TPA treatment (24–48 h) dramatically reduced the number of cell–
cell contacts, which might be largely due to downregulation of
PKC (Fig 2).
The activation profile of total PKC in DJM-1 cells treated with
TPA is shown in Fig 2. TPA treatment causes a rapid reduction in
cytosol and concomitant increase in the membrane fraction of the
activity of PKC with a peak at 15 min after TPA addition, suggesting
a translocation of PKC from cytosol to particulate (membrane) fractions;
however, this activation is transient and downregulated after 2 h until
48 h (Fig 2).
Recently, it has been shown that PKC activation upregulates
intercellular adhesion of an α-catenin-negative human colon cancer
cell variant via induction of desmosomes. In this cell line, which lacks
desmosomes, TPA treatment induces formation of typical desmosomes,
suggesting that upregulation of desmosomes is mediated by PKC
activation (Hengel et al, 1997).
These results suggest that PKC plays an important role in signaling
pathways to induce desmosome formation.
HEMIDESMOSOMES
Hemidesmosomes are adhesion structures located on the ventral aspects
of the basal cells and are sites at which KIF are bound to the basement
membrane through a variety of proteins, including transmembrane
proteins. Recent molecular genetic studies focussed on the molecules
constructing this junctional structure and revealed that hemidesmo-
somes consist of two groups of proteins: (i) transmembrane linker
proteins that are comprised of α6β4 integrin (Carter et al, 1990; Stepp
et al, 1990; Sonnenberg et al, 1991) and bullous pemphigoid antigen
(BPAG) 2 (Klatte et al, 1989; Giudice et al, 1992; Ishiko et al, 1993;
Nishizawa et al, 1993) with a molecular weight of 180 kDa, and (ii)
intracytoplasmic plaque proteins that include BPAG1 (230 kDa) (Tanaka
et al, 1990; Sawamura et al, 1991; Green et al, 1992; Ishiko et al, 1993),
HD1/plectin (Hieda et al, 1992; Foisner et al, 1988), P200 (Kurpakus
and Jones, 1991), and IFP300 (Skalli et al, 1994).
Integrins are transmembrane receptors, consisting of genetically
distinct α and β subunits, that mediate cell-extracellular matrix (ECM)
attachment, and outside-in signals from ECM to regulate cell growth
and differentiation, and migratory activity (for review see Borradori
and Sonnenberg, 1996). Integrins usually bind to their specific ligands
localized in ECM. Basal cells in the human epidermis express α2β1,
α3β1, and α6β4 integrins. Integrin α6β4 is localized only on the
ventral surface opposed to ECM. It is now well known that α6β4
integrin is a major peptide molecule of hemidesmosomes, contributing
to the anchoring of KIF to the underlying basement membrane through
the lamina lucida. Integrin α2β1 and α3β1 are localized on both the
ventral and the lateral surfaces, whereas it is also reported that α2β1 is
located mainly on the lateral surface of the basal cells (for review see
Burgeson and Christiano, 1997).
The lamina lucida is a gap between the basal cell ventral surface and
the lamina densa. To mediate the basal cell-lamina densa adhesion,
BPAG2 and α6β4 integrin are present across the lamina lucida. α6β4
integrin binds mainly to laminin 5, which consists of three subunits,
α3, β3, and γ2 chains, and is believed to a major component of
anchoring filaments in the lamina lucida (for review see Burgeson and
Christiano, 1997).
Laminin-mediated ligation of α6β4 integrin causes tyrosine phospho-
rylation of the β4 integrin subunit in intact cells, mediated by a protein
kinase(s) physically associated with the integrin (Mainiero et al, 1995).
It is also known that the adapter protein Shc forms a complex with
the tyrosine-phosphorylated β4 subunit. Shc is phosphorylated on
tyrosine residues and recruits the adapter Grb2, thereby potentially
linking α6β4 integrin to the ras pathway. Thus, α6β4 integrin may
mediate outside-in signaling and control assembly of the hemidesmo-
some (Mainiero et al, 1995). Targeted removal of the β4 subunit in
mice caused markedly reduced expression of α6 and BPAG1 and there
was no hemidesmosome formation (Dowling et al, 1996). These results
suggest that α6β4 integrin mediates signal transduction pathways
required for hemidesmosome formation and cell growth. Concerning
BPAG, however, few studies have been carried out so far in terms of
signaling pathways other than our studies.
PKC is possibly involved in hemidesmosome disas-
sembly Upon the Ca11-switch, keratinocytes must migrate laterally
to adhere to the adjacent cells, so that desmosomes can be formed,
leading to the formation of tight colonies. Because cells must regulate
the adhesive activity of hemidesmosomes during this Ca11-
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Figure 4. Effects of TPA treatment on the distribution of BPAG2
(180 kDa) in normal Ca11-grown DJM-1 cells. Kitajima et al, 1988.
Samples were fixed with 3% paraformaldehyde and cells were stained with a
monoclonal antibody (HD233) to BPAG2 after being treated with 0.5% Triton
X-100 for 10 min. (a) Control cells incubated without TPA, showing concentric
circles or arches with clearly distinct dots. The arrow indicates the center of the
concentric circles. (b) Cells treated with TPA (10 ng per ml) for 30 min; the
arch or circle patterns have become obscure and dots appear to have ‘‘melted.’’
After 60–120 min, the antigen has disappeared almost completely (not shown).
switch-induced lateral migration, and the Ca11-switch in cultured
keratinocytes is known to be associated with PKC activation as
mentioned above, we employed this system for the study of the signal
transduction mediating the regulation of hemidesmosomes.
Using a monoclonal antibody to BPAG2, the fate of hemidesmosomes
was studied in DJM-1 cells after the Ca11-switch and TPA-addition
to normal Ca11-grown cells by immunofluorescence and immunoelec-
tron microscopy (Kitajima et al, 1992). The antigen was distributed
evenly as fine dots on the entire ventral surface of cells grown in low-
Ca11 medium, whereas they formed a peculiar, concentric ring or
arch pattern on the ventral surface of those grown in high-Ca11
medium (Fig 4). Immunoelectron microscopy revealed deposits of
gold particles at sites where some filaments, possibly KIF, and electron-
dense materials were located. Although these structures were not the
complete hemidesmosomes, they may correspond to stable anchoring
contacts (SAC) (Carter et al, 1990) or prehemidesmosomes (Thacher
et al, 1991). The Ca11-switch, associated with PKC activation, caused
a profound reduction of the BPAG2-positive area of the ventral surface
and then formed the high-Ca11-ring pattern after 4–6 h. A similar
response was also confirmed in normal human keratinocytes. TPA
(10 ng per ml) treatment of the high-Ca11-grown cells caused
disintegration and disappearance of the ring pattern of BPAG2 at
around 30–120 min and reformation of the pattern again after 4 h
(Fig 4). This disintegration of BPAG2-ring arrangements at SAC was
associated with the peak of PKC activation, whereas their reformation
was associated with downregulation of PKC activity (Fig 2). These
TPA responses were inhibited by a PKC inhibitor, H7 (20 µM)
(Kitajima et al, 1992).
In response to this TPA treatment, we examined whether BPAG2
Figure 5. Autoradiography showing phosphorylation of BPAG2
immunoprecipitated with a monoclonal anti-BPAG2 antibody with or
without TPA treatment. Kitajima et al, 1995. After labeling with [32Pi] for
16 h, cells were treated with TPA (50 ng per ml) for 15 min, and lyzed in
RIPA buffer, followed by centrifugation. The supernatant of lysate was used
for immunoprecipitation. Two phosphorylated peptides with 170 kDa and
180 kDa were recovered with anti-BPAG2 monoclonal antibody before TPA
treatment, whereas an additional phosphorylated peptide of 190 kDa was
detected after TPA treatment. These bands were detected by western blotting
with anti-BPAG2 monoclonal antibody (not shown here), suggesting that
activation of PKC with TPA generates a 190 kDa BPAG2 (Kitajima et al, 1995).
was phosphorylated by immunoprecipitation with anti-BPAG1 and 2
antibodies from the lysate of TPA-stimulated cells, which had been
metabolically labeled with [32Pi] (Kitajima et al, 1995). The results
showed that BPAG2, but not BPAG1, was basically phosphorylated at
serine residues before TPA treatment. After TPA treatment, phospho-
rylation was prominently increased so as to generate a 190 kDa
peptide (Fig 5). This 190 kDa peptide was reacted with anti-BPAG2
monoclonal antibodies by immunoblotting, whereas it was not detected
when cells were pretreated with a specific PKC inhibitor (H7) before
TPA treatment. This result suggests that the 190 kDa protein is
phosphorylated BPAG2 with TPA. Prolonged treatment with TPA
abolished both the 180 and the 190 kDa BPAG2 from Triton X-100-
soluble fractions. These findings suggest that BPAG2, but not BPAG1,
is a substrate of PKC, and that the generation of 190 kDa BPAG2 has
a key role in the TPA-induced collapse of the integrity of BPAG2 on
the basal plasma membrane, probably at hemidesmosomes (Kitajima
et al, 1995).
PKC activated with TPA mediates uPA secretion and uPAR
expression Activation of plasminogen to plasmin, a serine protease,
usually occurs via binding to their receptors on the cell surface. This
activation is mediated by uPA bound to uPAR, which is also linked
to the cell surface (Dano et al, 1985; Pollanen et al, 1991). Thus, the
activated plasmin bound on the cell surface induces localized extracellu-
lar proteolysis of the proteins that adhere to or are adjacent to the cell
surface (Reinartz et al, 1993). The activity of plasmin is protected from
its inhibitors in the serum while it is binding to the receptor on the
cell surface. Urokinase PAR is a single-chain 55–60 kDa glycoprotein
that has no intracellular region but is anchored on the cell membrane
by a C-terminal glycosylphosphatidylinositol moiety (Nielsen et al,
1988). This uPA/uPAR/plasmin system on the cell surface is also
found in human keratinocytes (Jensen and Wheelock, 1992; Reinartz
et al, 1993).
It has been shown that TPA causes secretion of uPA and uPAR in
human monocyte-like U937 cells (Picone et al, 1989; Lund et al,
1991). PKC has been suggested to be involved in the regulation of
the uPA/uPAR system in migrating keratinocytes (Ando and Jensen,
1996). In DM-1 cells, we have also confirmed that 50 nM TPA caused
secretion of uPA and a prominent increase in uPAR in the membrane
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Figure 6. A putative schematic model for involvement of PKC in Ca11-
induced and TPA-induced desmosome formation, and TPA-induced
hemidesmosome disassembly. PKC activated by Ca11-switch or TPA
treatment mediates desmosome formation through phosphorylation of unknown
molecules, whereas it mediates disassembly of BPAG2 from hemidesmosomes
in association with BPAG2 phosphorylation. The activated PKC also mediates
uPA secretion and uPAR expression, which are thought to lead to digestion of
the extracellular aspects of desmosomes and hemidesmosomes. These responses
may contribute to up-migration of keratinocytes through activation of
desmosome turnover and disassembly of hemidesmosomes. R, receptor; PTK,
tyrosine kinase; PLC, phospholipase C; PC-PLC, phosphatidylcholine-PLC;
PIP2, phosphatidylinositol 4,5-bisphosphate; DAG, diacylglycerol; PKC, protein
kinase C; uPA, urokinase plasminogen activator; uPAR, uPA receptor; IP3,
inositol 1,4,5-trisphosphate; DS, desmosome; HD, hemidesmosome; BPAG2,
bullous pemphigoid antigen 2.
fraction as determined by immunoblotting and by immunofluorescence
microscopy (unpublished).
Summary regarding PKC and the adhesive activities of desmo-
somes and hemidesmosomes Considering the above facts together,
it may be speculated that PKC plays a role in mediating desmosome
formation induced by the Ca11-switch and TPA treatment, whereas
PKC mediates phosphorylation of BPAG2 associated with TPA-induced
disintegration of BPAG2 from hemidesmosomes (Fig 6). Furthermore,
activation of the uPA/uPAR/plasmin system due to PKC-activation
may result in digestion of extracellular domains of desmosomes and
hemidesmosomes. These PKC-mediated responses may play a role in
the detachment of basal cells from ECM, and induce dynamic formation
and disruption (active turnover) of desmosomes, i.e., active movement
and turnover of keratinocytes in the epidermis. This PKC-involved
active turnover of keratinocytes in the epidermis may correspond to
that in psoriasis, because psoriasis is associated with upregulation of
uPA activity (Fraki et al, 1983; Spiers et al, 1994), and with upregulation
of uPA by immunohistochemistry and tissue-type PA (Grondahl-
Hansen et al, 1987; Chen and Jensen, 1996).
TRANSMEMBRANE SIGNALING LINKED WITH CELL–
CELL DETACHMENT IN PV
Pemphigus is a group of autoimmune blistering diseases that are
characterized histologically by acantholysis, and immunologically by
autoantibodies against desmosomal cadherins. Two major types of
pemphigus are PV caused by autoantibodies against Dsg 3, which
forms flaccid blisters and erosions due to acantholysis in the deeper
(mainly suprabasal) epidermis, and PF caused by autoantibodies against
Dsg1, which shows crusted and scaly lesions due to acantholysis in the
superficial epidermis (for review see Stanley, 1992; Amagai, 1995).
Although recent molecular genetic studies revealed the target molecules
of pathogenic autoantibodies, the mechanisms leading to acantholysis
are still unclear. One may speculate that there are two possible
mechanisms for blistering, i.e., direct impairment of adhesive functions
Figure 7. Immunoblot analysis showing translocation of PKC-a, d, and
ζ in normal human keratinocytes in response to PV-IgG. Osada et al,
1997. Equal amounts (50 µg) of proteins were loaded in each lane for both
cytosol and the particulate/cytoskeleton (PBS-insoluble, 2%-SDS-25-mM-Tris/
HC-l soluble) fractions and detected monospecific antibodies to each PKC
isomer. Results of densitometry were obtained from duplicate determinations
from three experiments with SD.
and desmogleins (Koch et al, 1997), and cell biologic responses to
antibody-binding to desmogleins, leading to acantholysis (Kitajima et al,
1987; for review see Kitajima, 1996).
PV-IgG induces activation of PI-turnover/PKC pathway and
Ca11-influx We have studied the effects of PV-IgG on the intracellu-
lar Ca11 concentration by loading DJM-1 cells with fura-2/AM
in Eagle’s minimum essential medium containing 1.8 mM Ca11.
Subsequently, the intracellular Ca11 concentration was determined by
measuring the fluorescence ratio (F340/F360) with videomicrosopy
(Seishima et al, 1995). Purified IgG from the sera from seven of eight
patients with PF or PV caused a rapid and transient increase of
intracellular Ca11 with a peak at 1 min after stimulation, whereas in
the sera of seven of eight patients with bullous pemphigoid as a disease
control and 12 of 14 normal volunteers as normal controls, it did not.
The PV-IgG-induced transient intracellular Ca11 concentration was
not affected by chelating the extracellular Ca11 concentration with
ethyleneglycol-bis(β-aminoethyl ether)-N,N,N9,N9-tetraacetic acid
(EGTA). Because IP3 is known to be a mediator for intracellular Ca
11
mobilization, we also determined the response of IP3 to PV-IgG.
The results showed that PV-IgG-stimulation induced rapid, transient
production of IP3 peaking at 20 s (Seishima et al, 1995). These
results suggest that the PV-IgG-induced increase in the intracellular
concentration of Ca11 is mobilized from the intracellular Ca11 store,
not from the outside of the cell.
To clarify whether phospholipase C (PLC) is involved in this process
after the antibody binds to Dsg3, we examined the effects of a specific
PLC inhibitor, U73122, on the PV-IgG-induced increase in the
intracellular concentrations of Ca11 and IP3. We determined the
effects of PV-IgG with or without 30 min preincubation with U73122
or an inactive analog, U73343, with fura 2/AM and a specific IP3-
binding protein, respectively (Esaki et al, 1995). The results showed
that preincubation with U73122 (1–10 µM), but not with U73343
(10 µM), dramatically reduced the PV-IgG-induced increases in the
intracellular concentrations of Ca11 and IP3, and that PLC plays an
important role in PV-IgG-activated transmembrane signaling pathways.
Because it was found that PV-IgG activates PLC, leading to
generation of IP3 by hydrolyzing phosphatidylinositol 4,5-bisphosphate,
the intracellular concentration of DAG, another product of PLC, was
determined. A biphasic accumulation of DAG, which consisted of the
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Figure 8. Immunofluorescence study showing
PV-IgG-induced uPAR expression on the
surface of DJM-1 cells. Seishima et al, 1997.
After 3 d incubation with PV-IgG, expression of
uPAR was detected on the cell surface, especially
at cell–cell contacts, as fixed with 3%
paraformaldehyde and stained with anti-uPAR
monoclonal antibody. PV, PV-IgG-treated cells; N,
normal IgG-treated cells.
first transient and the second sustained phases, was observed. The
second phase of DAG formation was inhibited by pretreatment with
a selective inhibitor of PC-PLC, suggesting the involvement of
PC-PLC.1
In association with the increase in DAG, it was examined whether
PV-IgG-induced translocation of PKC isoenzymes from cytosol to
particulate/cytoskeleton (p/c) fractions and activation of PKC were
induced in cultured human keratinocytes (Osada et al, 1997). Cultured
normal and neoplastic murine and human keratinocytes express five
isoforms of PKC (Dlugosz et al, 1992; Osada et al, 1997). Normal
human keratinocytes cultured in Eagle’s minimum essential medium
were incubated with PV-IgG for 30 s, 1 min, 5 min, or 30 min, and
translocation of these PKC isoenzymes from cytosol to particulate/
cytoskeleton (PBS-insoluble-Triton X-100-soluble) fractions was
examined by using monospecific polyclonal antibodies to individual
isoenzymes. The binding of PV-IgG to Dsg3 induced translocation of
PKC-α from the cytosol to the p/c fractions within 30 s, with a peak
at 1 min that lasted at least 30 min. PKC-δ was also translocated within
1 min and reached a peak at 5 min but was reduced to basal levels at
30 min. Alternatively, PKC-η translocation to the p/c fraction was
induced to approximately half maximum at 30 min, whereas PKC-ζ
translocation reached a maximum at 30 s, rapidly returning to the
baseline by 5 min after PV-IgG stimulation (Fig 7). The total activity
of PKC in the p/c fraction also increased after PV-IgG exposure,
peaked at 1 min, and was sustained for at least 30 min. These findings
suggest that a unique activation profile of PKC isoenzymes may be
involved in mediating the intracellular signaling events induced by PV-
IgG binding to Dsg3 in cultured normal human keratinocytes (Osada
et al, 1997).
Several previous studies suggested that one of the final responses of
keratinocytes leading to the cell–cell detachment may be the secretion
of uPA (Morioka et al, 1981; Hashimoto et al, 1989; Wilkinson et al,
1989; Schaefer et al, 1996). Hashimoto et al showed that PV-IgG
induced synthesis and secretion of PA 6–8 h after antibody addition to
the culture medium in keratinocytes (Hashimoto et al, 1983). We
therefore examined whether the PV-IgG-induced secretion of uPA is
linked to PLC/PI-turnover/PKC pathways as one of the final cellular
responses to PV-IgG stimulation. We employed the same pharmacologic
approach, in which U73122, a PLC inhibitor, was used, as in the study
for PLC involvement (Esaki et al, 1995). PA activity in the culture
medium increased at 24 h after PV-IgG was added. This was associated
with cell–cell detachment in DJM-1 cells at 48 h. On the other hand,
preincubation with U73122 reduced the PA activity down to the
control level as obtained by addition of normal or bullous pemphigoid
IgG (Esaki et al, 1995). These results suggest that the PV-IgG-activated
PI-turnover/PKC pathway is linked to the secretion of uPA.
More interestingly, we have shown that PV-IgG causes the expression
of uPAR on the cell surfaces of DJM-1 cells and normal human
1Seishima M, Iwasaki Y, Itoh Y, Nozawa Y, Kitajima Y: Phosphatidylcholine-
specific, but not phospholipase D, is involved in pemphigus-IgG-induced signal
transduction. J Invest Dermatol 109:405, 1997 (abstr.)
keratinocytes in culture (Seishima et al, 1997). The effects of PV-IgG
stimulation on the content of uPAR in the membrane fraction were
determined at the protein level by immunoblot analysis and at the
morphologic level by immunofluorescence microscopy, by using IgG
obtained from five patients with PV, seven with PF, eight with BP,
and eight normal subjects. PV- and PF-IgG significantly increased the
uPAR expression on the cell surface after 3 and 7 d incubation
compared with normal IgG (Fig 8). These results suggest that uPAR
expression activates plasmin in the limited cell surface of PV-IgG-
bound keratinocytes, and may contribute to the pathogenesis of
differential acantholysis in PV and PF due to differential expression of
their specific antigens in the layers of the epidermis (Arnemann et al,
1993; Shimizu et al, 1995; Amagai et al, 1996).
PV-IgG induces phosphorylation of Dsg 3, leading to dissoci-
ation of Dsg 3 from plakoglobin in cultured keratinocytes We
analyzed phosphorylation of desmosomal proteins and their molecular
interactions after PV-IgG binding to Dsgs using DJM-1 cells and
normal human keratinocytes in culture (Aoyama et al, 1999). Cells
were metabolically labeled with 32Pi, followed by stimulation with the
IgG fractions from five PV patients or normal individuals for 20 min.
Phosphorylation of specific desmosomal components and their molecu-
lar interactions were studied in immunoprecipitates using PV-IgG,
antiplakoglobin (PG), and antidesmoplakin antibodies. PV-IgG binding
alone induced phosphorylation of Dsg 3 and PG. TPA, a PKC activator,
failed to phosphorylate Dsg 3, suggesting the involvement of kinases
other than PKC in its phosphorylation. Although Dsg3 and PG were
coprecipitated by PV-IgG-immunoprecipitation when treated with
normal IgG, PG was not coprecipitated with Dsg3 when stimulated
with PV-IgG, suggesting that PV-IgG-binding to Dsg causes the
dissociation of Dsg from PG, which may impair the molecular structural
integrity or formation of desmosomes. Actually, 30 h incubation with
PV-IgG caused a marked depletion of Dsg 3, but not other desmosomal
molecules, from cytoskeleton (Triton X-100 insoluble) fractions and
desmosomes, whereas adhesion of desmosomes was still maintained to
a certain extent after this 30 h incubation with PV-IgG, as determined
by immunoblotting and immunofluorescence microscopy using specific
antibodies to desmosomal molecules (Aoyama and Kitajima, 1999).
These results suggest that PV-IgG may generate the formation of
aberrant desmosomes that lack Dsg 3. This is a novel interpretation
for the effects of PV-IgG-binding to Dsg 3 other than direct impairment
of its adhesive function.
Summary of possible signaling pathways mediating PV-IgG
induced cell–cell detachment in culture We propose the follow-
ing possible mechanism for acantholysis in PV: PV-IgG induces aberrant
signal transduction, which mediates Dsg3 phosphorylation and leads
to its dissociation from plakoglobin. This may impair the desmosomal
formation from the inside of the cell by leading to deletion of Dsg3
from desmosomes. PV-IgG also induces PKC signaling, which links
with uPA secretion and uPAR expression on the cell surface, leading
to activation of plasmin. This signal may then mediate the dissociation
of preexisting desmosomes from the outside of the cell. These two
VOL. 4, NO. 2 SEPTEMBER 1999 SIGNALING IN DESMOSOMES, HEMIDESMOSOMES, AND PEMPHIGUS 143
different PV-IgG-activated signaling pathways will be responsible for
the mechanism of generation of acantholysis in PV.
CONCLUSION
The possible roles of PKC in regulation of adhesive activity of
desmosomes and hemidesmosomes and in PV-IgG-induced cell–cell
detachment in cell culture were reviewed. PKC is involved in the
activation of desmosomal turnover and disintegration of hemidesmo-
somes, which would contribute to up-migration of keratinocytes. As
an impaired system of this regulation, we introduced an experimental
model of PV-IgG-induced cell–cell detachment. In this system, PKC
activated by PV-IgG may mediate the activation of desmosome turnover
and PV-IgG binding to Dsg-3 perturbs the desmosome formation
associated with non-PKC-mediated phosphorylation of Dsg-3. Both
are simultaneously induced by PV-IgG. Further studies on PV-IgG-
stimulated signaling will help to elucidate normal physiologic signaling
pathways that mediate the up-migration of keratinocytes during ker-
atinization through the regulation of cell–cell adhesions. PV could be
a disease derived from an impairment of signaling that regulates
desmosomal cell–cell contacts for up-migration of keratinocytes.
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